Abstract-Almost all terrestrial and aquatic assays that are accepted as standardized, or that have been proposed, involve the exposure of confined organisms to toxicants. If avoidance (sensu evasion, displacement) of contaminants occurs in real situations, then bioassays involving forced exposure severely underestimate pernicious effects of contamination. Two main objectives were achieved in this study: To verify the occurrence of avoidance of copper by cladocerans; to determine the association between avoidance and other toxicity endpoints (lethality and feeding depression), and therefore, to ascertain if fully acclimated individuals from a reference field population exhibited a genetically determined avoidance markedly different from those belonging to a historically metal-stressed population. Twelve cloned lineages of the cladoceran Daphnia longispina, collected from two field populations, were selected according to their lethal sensitivity to copper and acclimated to controlled conditions for more than 30 generations. A 1.1-m test chamber with five compartments was built, allowing the establishment of a dissolved toxicant gradient and the free movement of individuals. In the absence of any toxicant, juveniles from each cloned lineage distributed themselves randomly along the test chamber and furthermore, no significant differences were observed between the two replicates, attesting the repeatability of this novel assay. All lineages showed significant avoidance to copper when exposed to a gradient from 3 to 87 g/L. The most sensitive lineages to lethal levels of copper began avoiding this metal earlier than resistant ones. An intense association was observed between other endpoints and avoidance; furthermore, avoidance was determined to be much more sensitive than lethality. Therefore, avoidance assays should be recommended as a complementary tool in ecological risk assessments and effluent biomonitoring because such assays can provide cost-effective and ecologically relevant information.
INTRODUCTION
Ecological relevance of toxicity tests and assays both for pure substances, site-specific risk assessments, and effluent biomonitoring increasingly has been recognized as a pertinent issue in ecotoxicology. In the past years, an intense effort has been made to evaluate the ecological relevance of standard tests and bioassays, namely through the development of costeffective sublethal in situ assays, postexposure feeding assays, and the comparison of sensitivities of standard test individuals and local species. Nevertheless, almost all terrestrial and aquatic assays that have been proposed involve the exposure of confined test individuals to toxicants. The uncertainty associated to the extrapolation from responses in such bioassays to real scenarios of contamination rarely has been questioned. If avoidance (sensu evasion, displacement) to contaminants is unlikely to occur in the field, namely when dealing with sessile organisms (e.g., adult mussels), then forcing exposure is not a drawback in the ecological relevance of bioassays' data. However, when avoidance occurs, as already shown for large fish [1, 2] , earthworms [3, 4] , and amphipods [5] , then bioassays involving forced exposure severely underestimate pernicious effects of contaminants. Indeed, if natural populations have the ability to evade contaminated environments before lethal or even sublethal toxic effects start to occur, then the disappearance of those individuals is equivalent to the death of the entire population. In other words, at the ecosystem level, the * To whom correspondence may be addressed (rui.ribeiro@zoo.uc.pt). median avoidance (therefore: disappearance) concentration/dilution of a contaminant could be well below its median lethal concentration/dilution. For instance, if plankton grazers, like cladocerans, avoid a chemical at a concentration below the median lethal concentration (LC50) for Daphnia magna, data from this assay would then be meaningless, and thus, ecologically irrelevant: Algae grazing by plankton individuals would be disrupted completely well before cladocerans start to die or even start to reproduce less. Avoidance has been observed as a response to escape predators due to the detection of chemicals. For example, Wisenden et al. [6] found that the amphipod Gammarus lacustris avoided traps with alarm cues. Also, Seely and Lutnesky [7] observed that exposing the cladoceran Ceriodaphnia reticulata to green sunfish exudates induced a downward movement in order to avoid predators. Studies have demonstrated avoidance behavior to contaminants, both in aquatic organisms, namely fish [2, [9] [10] [11] [12] [13] [14] , decapoda [15] , and amphipods [5] , and mainly in terrestrial ones, namely earthworms [16, 17] and isopods [4, 18] . Exley [2] demonstrated the avoidance of aluminum by the fish Oncorhynchus mykiss and determined that this response was dependent on pH and on the total aluminum concentration. Slimak [17] also observed avoidance when earthworms were exposed to different pesticides and observed that it increased with increasing pesticide concentration. Several authors proposed that avoidance behavior is a very sensitive indicator of environmental effects and should be used as a complementary tool in risk assessment studies [3, 4, 19] . Another pertinent issue in ecological relevance is the influence of previous exposure on the avoidance to a contaminant, which already has been raised in literature: It has been suggested that individuals pre-exposed to contaminants will not avoid stress environments as much as nonpre-exposed ones, though conflicting results can be found in literature. McNicol and Scherer [10] pre-exposed the fish Coregonus clupeaformis to cadmium concentrations and then compared their avoidance to this contaminant between pre-exposed and non-pre-exposed (naïve) individuals, and found that pre-exposed individuals, contrary to naïve ones, preferred cadmiumcontaminated environments, with a special preference to the same concentration to which they had been pre-exposed. Other authors reported opposite results: Salminen and Haimi [16] observed that the enchytraeid worm Cognettia sphagnetorum originated from heavy metal-contaminated sites avoided contaminated soils significantly more than individuals from unpolluted sites. Furthermore, Hansen et al. [20] acclimated rainbow trout to a simulated metal mixture and found that, after acclimation, individuals continued to prefer the uncontaminated sites.
The present work intended to study avoidance of chemicals by cladocerans. Two populations were sampled, one at a reference site and the other at a historically acid mine drainage impacted site. Sensitive and resistant cloned lineages of Daphnia longispina from those field populations were selected to conduct the study. Two objectives were set and were achieved progressively: To verify the occurrence of avoidance of copper by cladocerans; to evaluate the linkage between avoidance to copper and other toxicity endpoints (lethality and feeding depression), and therefore, to ascertain if the reference field population exhibited a genetically determined avoidance markedly different from that of the historically stressed population. Relatively to the second objective, expected results would be that the historically stressed population could have acquire genetically determined physiological adaptations to counteract contamination that lead to a lower avoidance intensity to copper. This could be due to the loss of the most sensitive genotypes from the founder population and/or to the appearance (by mutation and/or by sexual recombination) and spread of extremely resistant genotypes.
MATERIALS AND METHODS

Test organisms and culture conditions
Twelve cloned lineages of D. longispina O.F. Müller, differing in their genetically determined resistance to lethal levels of copper, were selected for this study. These lineages initially were isolated from two field populations of D. longispina, inhabiting a reference site (site R: pH 7.35, 236 S/cm, dissolved oxygen 9.7 mg/L) and an acid mine drainage historically impacted site (site I: pH 6.37, 295 S/cm, dissolved oxygen 9.2 mg/L), located at the extensively studied [21] [22] [23] [24] [25] [26] [27] aquatic system of an abandoned cupric-pyrite mine (the São Domingos Mine, Southeast [SE] Portugal). This aquatic system was chosen because the source of contamination (pH and heavy metals) is isolated and well identified, because no other significant contamination sources are known (e.g., pesticides, industrial discharges, or urban runoffs). Population R was sampled at a reference site located upstream of the contamination source, and population I below the confluence of the acid mine drainage (pH ഡ 2.1, contaminated with Fe, Al, Zn, Cu, Mn, Co, Ni, Cd, Pb, Cr, As, in decreasing order; [21, 23, 26] ) with the Chança River Reservoir (SE Portugal), within the Guadiana River Basin. Resistance to lethal levels of copper was preliminarily evaluated for about 130 cloned lineages from each population. Copper was chosen because it is one of the major contaminants in the studied acid mine drainage effluent [21, 23, 26] . Also, in a previous phase the copper LC50,48h and the effective concentration (EC20,48h) for feeding were determined for the three most-resistant and the three most-sensitive lineages from the stressed (I1-I6 lineages) and from the reference (R1-R6) populations (Table 1) .
These 12 lineages were maintained in a laboratory under controlled conditions, at 25 Ϯ 1ЊC and 14:10-h light:dark photoperiod, for more than 30 generations, in American Society for Testing and Materials (ASTM) hard water [28] , with the addition of vitamins and the standard organic extract Marinure 25 [29] . Individuals were fed every other day with the green algae Pseudokirchneriella subcapitata (Korshikov) Hindak (formerly known as Selenastrum capricornutm Printz) (3 ϫ 10 5 cells/ml/d, which corresponds to 1.2 ϫ 10 7 cells/daphnid/ d), and water medium was renewed every other day.
Avoidance test chambers and procedures
In order to create a copper gradient, four flow-through systems, each one composed by a peristaltic pump, a waste reservoir, and a test chamber with five interconnected compartments, were constructed (110.5-cm long, 5-cm maximum and 2-cm minimum inner diameters) with 10 200-ml polypropylene bottles (Fig. 1) . The bottom of each bottle was removed in order to obtain an open system. To build one compartment, two of these structures were joined (bottom with bottom) with white thermal glue (TN122/WS, Elis-Taiwan, Taiwan), which does not have toxic effects to D. magna [25] . Five of these compartments were glued to each other (by the necks of the bottles) and the tops of the extreme compartments were capped. Four inlet and five outlet tubes were connected to each test chamber. Inlets were introduced in the middle of each compartment connection and outlets in the middle bottom of each compartment, draining to a waste reservoir. A peristaltic pump (202S, Watson Marlow, Cornwell, UK) delivered two test solutions (2 inlet tubes each) at a rate of 1.3 ml/min and a water volume of approximately 1.50 L was always maintained in the assay chamber (ϳ0.30 L/compartment) ( Fig. 1 ). An experiment with copper, without individuals, was run in order to determine copper concentrations in the compartments Environ. Toxicol. Chem. 23, 2004 I. Lopes et al. after reaching the steady state. Water samples were collected 4 and 5 h after switching on the system. Real copper concentrations were determined by a certified independent laboratory (EGI Ambiente, Canelas, Portugal), using inductively coupled plasma. No differences in copper concentrations were found between the two observation times (2-tailed paired t test: t 4 ϭ 1.46, p ϭ 0.21), with an average of 3, 10, 49, 80, and 87 g/ L in compartments I to V, respectively. Considering 87 g/L as 100% of the tested copper concentration in the compartment V, then compartments I, II, III, and IV had 3, 11, 56, and 92% of the concentration in compartment V, respectively. Further copper analyses were considered unnecessary because no concentration-response relationships were intended to be established, but only to compare the avoidance behavior between lineages with different genetically determined resistance to lethal levels of copper.
To test the hypothesis that cladocerans would distribute themselves randomly along the five compartments of the test chamber, an experiment was performed with ASTM hard water solely (with neither ink nor toxicant) under continuous and uniformly distributed light, at 25 Ϯ 1ЊC. Two replicates were carried out for each of the 12 lineages (a total of 24 assays). Ten 6-d-old individuals were deployed gently in the middle of each compartment, totaling 50 individuals per test chamber, 3 h after switching on the system. Observation times of the distribution of individuals along each assay chamber were made at 5, 10, 20, 40, 60, 100, 140, 220, 300, 440, 580, and 720 min. Because all cladoceran lineages presented a random distribution in both replicates (see Results section), avoidance assays were then performed with copper.
Eight sets of four simultaneous assays were performed, totaling 24 assays (12 lineages with two replicates each). Individuals (6-d-old) were exposed to a gradient of copper ranging from 0 to 100 g/L. Two inlets delivered ASTM hard water (Fig. 1 ) and the other two debited 100 g/L of copper (Fig. 1) . The concentration of 100 g/L was chosen because it promoted lethal effects in same cloned lineages (Table 1) , and thus, the chance of inducing avoidance would be increased. The 100 g/L copper solution was prepared by dissolving copper sulfate (supplied by Merck, Darmstadt, Germany) in nanopure-water (80 mg/L of Cu at 25 Ϯ 1ЊC) with a magnetic stirrer, and then, dilutions were made with ASTM hard water. Avoidance assays were carried out as described previously for all 12 lineages, with ten individuals in each compartment and two replicates and under identical conditions and observation times. Whenever mortality occurred, dead individuals were count but not removed to avoid interference in the chemical gradient.
Conductivity (LF92, Wissenschaftlich Technische Werkstätten [WTW], Brü ssels, Belgium), pH (WTW 537), and dissolved oxygen (WTW, oxygen meter model OXI92) were measured at the beginning and at the end of each assay.
Data analysis
To determine if only two replicates would be enough to obtain an acceptable variability, and thus, a sufficient discriminatory power, 96 two-tailed Fisher Exact tests were used to compare each pair of replicates, for each assay with ASTM hard water only (five compartments, 12 cloned lineages), and also with copper, for the three most-contaminated compartments (III, IV, and V) [30] . Because in almost all pairs (95 out of 96 comparisons) no significant differences were found (see Results section), all tests were carried out with two replicates.
To test the hypothesis standing for a random distribution along the test chamber when exposed to ASTM hard water, two-way analysis of variances (ANOVAs) (compartment/observation time) were performed for each lineage. Also oneway ANOVAs (compartment) were applied to avoidance during the exposure to the copper gradient. As significant differences were observed between compartments, avoidance (A in %) was computed for each observation time (t) and for each of the three more contaminated compartments (III, IV, and V):
where N is the initial number of individuals in each compartment (N ϭ 10, 20, or 30, for compartments V, IV, and III, respectively), i is the number of individuals that entered the compartment, and o is the number of individuals that exited the compartment to the nearest compartment with a lower concentration. The number of avoiders from the most contaminated compartment (V) corresponds to the individuals that exited it. Avoidance from IV was only considered positive when the number of individuals leaving IV was higher than the nearest integral of the quotient between the number of avoiders from V and the number of individuals leaving IV. The same approach was applied to individuals leaving III. To test the significance of avoidance from these three most-contaminated compartments, one-tailed Fisher Exact tests were used [30] . To compare differences in avoidance behavior between lineages, other than the percentage of avoiders from the three most-contaminated compartments, two other parameters were computed: the avoidance time (AT) from each of these compartments and the avoidance concentration (AC) at 720 min (ϭ 12 h) inducing 20 and 50% of responses. These calculations were performed with the software PriProbit 1.63 [31] (http:// bru.gmprc.ksu.edu/proj/priprobit/download.asp), with the probit transformation of responders and the log transformation of time and concentration values. Whenever mortality occurred in a compartment, AT20 and AT50 were then computed considering the dead individuals as nonresponders (i.e., using an ''all-or-nothing model with a natural immunity rate'') sensu Sakuma [31] . Therefore, when some mortality occurred, maximum avoidance could only attain the maximum survival (i.e., the sum of avoiders, deaths, and remaining survivors equals 100% of individuals initially introduced in the compartment). Ideally, a significant increase in simplicity and cost-effectiveness of this novel assay would be achieved if AC20 and AC50, after 12 h of exposure, could be computed directly with the observations made at the moment only. Therefore, AC20 and AC50 were computed in two manners, by using two sets of the avoidance percentage at 12-h values at each compartment: One set of values was the percentage observed at that moment and the other set of values was the percentages at 12 h expected from the previously determined relationship between avoidance and time. Because no significant differences were found between the two manners of computation (2-tailed paired t tests: t 11 ϭ 1.03, p ϭ 0.32 and t 11 ϭ 1.43, p ϭ 0.18, respectively, for AC20s and AC50s), the simplest method (avoidance observed at 12 h) was used thereafter. The convergency hypothesis from high (AC50) to low (AC20) levels of copper toxicity was tested by calculating the coefficient of correlation between the AC50,12h and the ratio AC20,12h/AC50,12h [30] . To determine if an association existed between the different endpoints (LC, EC, and AC), respective r-values were computed [30] .
RESULTS
Physical parameters presented only small variations between compartments and during assays, dissolved oxygen was always above 8.6 mg/L, pH values were close to neutrality (the lowest value was 7.9) and conductivity values averaged 574 S/cm. The highest variations registered for each parameter between compartments and during assays were 0.2 mg/L, 0.1 and 3 S/cm, respectively.
System development for the avoidance test
Results from the two replicates were pooled because no significant differences were observed between the two replicates in each compartment (60 Fisher Exact tests: p Ͼ 0.05). When exposed solely to ASTM hard water, individuals distributed themselves randomly throughout the test chamber in each observation time (i.e., they did not congregate in a specific compartment): No significant differences were observed between observation times and between the five compartments (12 2-way ANOVAs: f 11 Յ 0.40, p Ն 0.97; and f 4 Յ 1,68, p Ն 0.08, respectively). Furthermore, Fisher Exact tests showed no significant differences between observed avoiders from both replicates and expected avoiders (ϭ zero) from compartment V (12 Fisher Exact tests: p Ն 0.115), indicating no avoidance behavior.
Avoidance to copper by D. longispina lineages
Results from the two replicates were considered together because significant differences were observed between replicates in only one case (35 ). Compartment V was always significantly different from I, II, and III, and with cloned lineages R1 to R3 and I1, compartments I and II were always significantly different from IV and V. Accordingly to these results, avoidance was computed only for compartments V, IV, and III.
To test if significant differences existed relative to the control (ASTM hard water only), one-tailed Fisher Exact tests were applied to data from each compartment (V, IV, and III). Only the cloned lineages R1 to R3 and I1 exhibited a significant avoidance from compartment III, which began to be observed after 140 min of exposure (4 Fisher Exact tests: p Ͻ 0.05). Significant avoidance from IV was observed for almost all cloned lineages (except I1 and R4). The three lineages most sensitive to lethality from the reference population (R1-R3) started to avoid this compartment earlier. Finally, all lineages significantly avoided V (12 Fisher Exact test: p Ͻ 0.001) and again, four of the most sensitive lineages to lethality (R1-R3 and I1) started to avoid this compartment earlier than the resistant lineages, with the exception of R4 ( Table 2) .
The most sensitive lineages of the reference population exhibited mortality in compartments III, IV, and V ( Table 2) . This mortality only began to occur between 100 to 140 min, considerably after a significant avoidance was observed ( Table  2) .
Median avoidance time values from the compartment V were always below 720 min (12 h), ranging from 24 to 594 min (Table 3) . AT20 values from compartment V ranged from 3.6 to 127 min.
To test the convergence of avoidance behavior from high to low levels of copper, the relationship between the AC50,12h and the ratio AC20,12h/AC50,12h values was computed for each cloned lineage (Table 4) . No significant correlation was found between these two parameters (r 10 ϭ 0.57, p Ͼ 0.05).
Avoidance versus feeding depression and lethality
The results obtained for avoidance behavior were compared with feeding depression values obtained previously (Lopes et al., unpublished data) . No significant correlations were found between the EC20,48h and the AC20,12h (r 10 ϭ 0.45, p Ͼ 0.05), though a significant positive correlation was observed between the EC20,48h and the AC50,12h (r 10 ϭ 0.62, p Ͻ 0.05).
The relationship between lethal endpoints (mortality) and avoidance behavior was achieved by comparing the copper LC50,48h obtained previously (Lopes et al., unpublished data) with both the AC20,12h and the AC50,12h values. Significant correlations were observed between the AC20,12h and the LC50,48h values (r 10 ϭ 0.77, p Ͻ 0.005) and between the AC50,12h and the LC50,48h values (r 10 ϭ 0.74, p Ͻ 0.01).
DISCUSSION
The data obtained with the ASTM hard water solely assay proved that, in the absence of a toxicant, individuals distributed themselves randomly along the assay chamber (i.e., they did not display a behavior that could mimic avoidance). Thus, this novel test chamber with the respective system was suitable to carry out avoidance assays with cladocerans. When exposed to the copper gradient, a significant avoidance to the highest copper concentrations (87 g/L) was observed for all tested lineages. The present work demonstrated that Cladocera actively avoid chemical stress and that the intensity of avoidance is strongly associated with the concentration of the tested toxicant. Furthermore, results obtained here allow us to conclude that the avoidance intensity is strongly associated to the concentration of the tested toxicant. I. Lopes et al. Table 2 . Avoidance (%) and mortality (%, inside parentheses) in compartments III, IV, and V of the novel avoidance test chamber, after exposing the 12 
32 ( Besides avoidance, mortality also was observed among the most-sensitive lineages (R1-R3 and I3) in compartments III, IV, and V (49, 80, and 87 g/L of copper, respectively). This was an expected result, because LC20,24h values for these four lineages ranged from 61 to 72 g/L ( Table 1 ). The mortality occurred in compartments III and IV cannot only be ascribed to the exposure to 49 and 80 g/L of copper, because individuals entering these compartments may have arrived from a more contaminated compartment. For example, in lineage I3, the very low mortality in compartment V compared with III and IV could have been due to an intense avoidance from 87 g/L of copper (compartment V) before it exerted lethal effects. Yet, some damages could have been induced, and individuals were not able to recover and ended up dying in the next compartments. Indeed, heavy metals can interfere with mobility and orientation of individuals [32, 33] ; for example, Beaumont et al. [34] concluded that copper and acid exposure cause a significant reduction in swimming performance in the freshwater brown trout. Also, Baillieul and Blust [35] observed that D. magna swimming velocity was impaired by cadmium. These impairments also could have been present in D. longispina, limiting the avoidance ability, and thus, contributing to a higher mortality in compartments IV and III than in V. When comparing avoidance behavior with other endpoints, an association was observed for both lethality and feeding depression with the AC50,12h values. Furthermore, avoidance was determined to be a much more sensitive endpoint than lethality. West and Ankley [19] also found that the oligochaeta Lumbriculus variegatus avoided contaminated sediments that induced little or no impairment in growth and survival of the individuals. Sensitive lineages from both populations, but mainly from the reference population (R1-R3) started to avoid copper earlier than resistant ones, which could be due to a faster detection of chemical stress through chemoreceptors [36, 37] and/or to a higher sensitivity to the effects of copper (i.e., resistant lineages may have resistance mechanisms that cancel the injurious effects of copper for an additional period of time; lineages having higher concentrations of metal-binding proteins could maintain lower levels of internal free copper than the other lineages). Therefore, avoidance assays should be recommended as a complementary tool in ecological risk assessments, because avoidance is a highly relevant response, mainly in lenthic systems. Avoidance is quickly and easily measurable, is very sensitive, and can be associated with lethal and other sublethal endpoints. Indeed, avoidance as a toxicity endpoint already has been proposed in terrestrial ecotoxicology [3, 4] . Because evasion from a contaminated site is equivalent to the eradication of the entire population at that site, toxicity assays based on avoidance also are advantageous: Serious ecologically relevant effects could be detected earlier than lethality, feeding depression, reproduction decline, or individual growth inhibition, and could provide relevant information to what would happen to the population.
